Eradicating screwworm, Cochliomyia hominivorax (Coquerel), from continental North American via the sterile insect technique has provided huge economic benefit to livestock producers by eliminating screwworm myiasis. After confirmatory identification of fly samples from infested deer by the USDA National Veterinary Services Laboratory on September 30, 2016, an alert was issued that screwworm myiasis was discovered in the Florida Keys. Personnel from USDA Animal and Plant Health Inspection Service, Agricultural Research Service, the State of Florida, U.S. Fish and Wildlife Service and local officials responded to the outbreak focus on Big Pine Key. After witnessing infested Key deer (Odocoileus virginianus clavium Barboyr & Allen), screwworm adult sampling was initiated at 0930 h on October 5, 2016 using nets to collect flies arriving at putrid liver, with the first female collected within 1 h. Larval samples were collected from infested animals for DNA analyses and to develop a "Florida outbreak" colony to test mating compatibility with the mass-produced strain used for sterile fly releases. Ground release chambers for sterile screwworm releases were placed in favorable habitats based on satellite image analyses. Sterile pupae were first placed in the chambers on October 11, 2016. Further liver trapping showed that 13 Keys were infested. One case, presumably through animal movement, occurred near Homestead on the Florida mainland. Ultimately there were 35 sterile fly release stations, including 4 located around Homestead, but no further cases were identified. About 188 million sterile flies were released until successful eradication was declared on March 23, 2017. Containing the outbreak prevented economic losses to livestock producers and other wildlife on the mainland and kept eradication costs to a minimum.
and Lupi 2012, . The significant economic impact to livestock industries led the U.S. Department of Agriculture (USDA) to assign, in the 1930s, E.F. Knipling to conduct research on their biology and control (Graham 1985 , Alexander 2006 . In the late 1930s, Knipling and co-workers developed a theory of autocidal control now called SIT (Graham 1985 , Baumhover 2001 , Alexander 2006 . Once the capacity to mass rear and sterilize screwworms was established, the theory of SIT was tested in trials performed in the early 1950s on small, screwworm-infested islands in the Caribbean (Graham 1985; Baumhover 2001 Baumhover , 2002 Alexander 2006; . Encouraged by the successful trials Florida livestock producers pushed, successfully, for an eradication effort in Florida (Bushland 1975 , Graham 1985 , Baumhover 2001 . The rapid success of the Florida program led to the initiation of an effort to eradicate screwworms from the United States (Bushland 1975 , Graham 1985 . There were problems and setbacks along the way, but screwworm was ultimately eliminated from the United States and all of North America to the Panama-Colombia border. The history of the eradication program and research support is well documented in several published documents (Bushland 1975; Graham 1985; Reichard 1999; Baumhover 2001 Baumhover , 2002 Alexander 2006; Scott et al. 2017 ) and in the National Agricultural Library's special collection (https://specialcollections.nal.usda.gov/guide-collections/edward-fred-knipling-papersscrewworm-eradication-program-records).
Maintaining the economic benefits of screwworm eradication, as well as preventing infestations into areas where screwworms are not endemic, requires diligence in the animal import process (Bram and George 2000) . Multiple interceptions of infested animals at U.S. ports of entry (Bram and George 2000 , Christy 2012 , USDA-APHIS 2016b , as well as in other nations (Alexander 2006) , have averted outbreaks.
Outbreaks to previously eradicated areas and infestations to areas where screwworms are not endemic have occurred. The Caribbean island nation of Curacao, where screwworm eradication was first achieved in 1954 (Baumhover 2001 (Baumhover , 2002 , was reinfested in 1975 and the outbreak was eradicated in 1977 . Mexico experienced an outbreak in 1997 that was efficiently eliminated (Manrique 2000) . The screwworm outbreak in Libya, detected in 1988, posed extreme concern, but the international effort of eradication efficiently eliminated the pest before extensive damage to African wildlife, other animals or humans could occur (Lindquist and Abusowa 1992 , Reichard 1999 , Alexander 2006 . Through these and other efforts, USDA-Animal and Plant Health Inspection Service (APHIS) and USDA-Agricultural Research Service (ARS) have developed and refined protocols to address outbreaks (USDA 2018, Supplemental file 1, USDA-ARS Protocol for Responding to a Screwworm Outbreak).
The authors were notified via e-mail on September 30, 2016 of a potential outbreak of screwworms on the Florida Keys. However, it was impossible to positively identify larvae in the attached photographs of Key deer (Odocoileus virginianus clavium Barboyr & Allen) that displayed suspicious myiasis ( Fig. 1) . Later that day, larval samples sent to the National Veterinary Services Laboratories (NVSL) were confirmed as screwworm. P.L.P. began analyzing satellite images of Big Pine Key, focus of the infestation, to direct the investigations and response (Phillips et al. 2004 ), while J.B.W. and S.R.S. began preparations for travel to the area per existing outbreak response protocols (USDA 2018, Supplemental file 1, USDA-ARS Protocol for Responding to a Screwworm Outbreak).
During the weekend of October 1-2, 2016, Incident Response contact personnel from USDA-APHIS-Veterinary Services (APHIS-VS), Florida Department of Agriculture and Consumer Services (FDACS), USDA-APHIS-International Services (APHIS-IS), Panama-United States Commission for the Eradication and Prevention of Screwworm (COPEG), and ARS were contacted. Document preparation began for informing the public, for developing an interdiction station and for personnel to travel to the Florida Keys to determine the extent of the incident. Although not covered in the Incident Response, document preparations began for information sharing with the World Organization for Animal Health (OIE) as well as interstate and international animal movement/trade considerations. Also of important consideration was the storm track of Hurricane Matthew.
On October 3, J.B.W. and S.R.S. arrived in Florida. While waiting in the airport to meet our contacts, J.B.W. communicated with COPEG and the Panama Minister of Agriculture to inform them that sterile screwworms' releases would be required to contain and eradicate the outbreak; this began the process of obtaining necessary export permits for biological material from Panama. J.B.W. and S.R.S. then traveled to an Incident Response meeting on Marathon Key where they met with the rest of the initial Incident Management Team (IMT; about 25 individuals) consisting of personnel of the APHIS-VS (Team Co-lead), FDACS (Team Co-lead), U.S. Fish and Wildlife Service (FWS), and Monroe County. We learned that from July 8 to October 6, 47 Key deer had been euthanized because of severe myiasis; the earliest suspected case in a deer occurred in early July, but was not reported. This represented a severe breakdown in reporting requirements by local veterinarians (USDA 2018). Also, some companion animals had been affected (two dogs, one cat, and one pet pig). The APHIS-VS, FDACS, and Monroe County personnel began formulating a plan to inform the local animal care facilities and institute animal movement controls. By October 4, a mandatory interdiction station, operated 24/7, was established and operating near Key Largo at mile marker 106 of the Overseas Highway to inspect all animals leaving the Keys.
Although screwworms are known to infest wildlife (Lindquist 1937) , the emphasis has always been on livestock surveillance. Wildlife generally avoids humans, but many Key deer show no fear and readily come into close proximity. The significance of the loss of Key deer was emphasized by the attending FWS personnel as well as the Monroe County representatives. These deer are an endangered species (~1,000 individuals) that occur only on about 26 of the middle Florida Keys (Florida Fish and Wildlife Conservation Commission 2017, Harveson et al. 2006) . About 75% of the Key deer population is found on Big Pine Key and No Name Key (Lopez et al. 2004a (Lopez et al. , b, 2016 , but they are good swimmers and move between islands in search of fresh drinking water and forage (U.S. Fish and Wildlife Service 2010). Key deer are protected within the National Key Deer Refuge with a local office on Big Pine Key (U.S. Wildlife Service 2006, 2015) and are endeared by the local people (Peterson et al. 2005 , Harveson et al. 2007 ).
On October 4, J.B.W. and S.R.S. went to Big Pine Key, the focus of the original cases, to become acquainted with the local FWS staff and examine the local situation. The FWS veterinarian informed us that the Key deer were "in rut" (the mating season; a time of male conflicts over mating privilege) and that all cases of myiasis in deer, except one, were in injured males. We accompanied a FWS Biologist on a call reporting a "zombie deer," the name locals used for an infested deer, assisted in the euthanasia of this infested Key deer, and accompanied the Biologist to the disposal area. We learned that all dead deer, including the infested animals, were placed in one area, called the "bone yard," to naturally decompose without any decontamination of the myiasis. We also learned that four more Key deer were euthanized during that day. Infested deer typically were discovered because they had large infestations of larvae that were third instars, resulting in the deer becoming severely debilitated (thus the term "zombie deer"; Fig. 2 ). Because third instars can successfully pupate after leaving the wound on a dead animal, placing the infested deer carcasses on the ground at the "bone yard" effectively created a "screwworm factory" for fertile flies. From that point forward decontamination of Key deer was accomplished by freezing in a USDA-VS mobile freezing unit.
Noting that the first suspected screwworm infestation was in early July and considering the life cycle of screwworm (Laake et al. 1936) , as well as the favorable climate, habitat and available hosts at the focus on Big Pine and No Name Keys, we calculated that by the time we arrived in October it was likely the screwworms had completed three to four generations. In addition, the use of the "bone yard" for disposal of untreated, infested deer likely added about 32,800 screwworms to the environment (based on a conservative estimated average 800 larvae per wound on each of the 41 deer carcasses). With an area of about 25.8 km 2 , Big Pine Key had an estimated screwworm population of >1,250 flies/km 2 . For successful control to occur and to achieve the standard ratio of 10 sterile flies:1 fertile fly for control, ~12,500 sterile flies/km 2 would need to be released.
On October 5, the first attempt was made at collecting fertile screwworms using rotted beef liver as an attractant Welch 1991a, b, 1992) (Fig. 3 ). Initially we used frozen beef liver (the only available source) and, as with previous attempts using frozen liver in other countries, we were unsuccessful (J. B. Welch, unpublished data). At the suggestion of the FWS veterinarian, we tried liver from the several Key deer that had just been euthanized and successfully collected a female screwworm within 1 h after bait deployment.
After analysis of satellite images (Phillips et al. 2004) , 15 potential locations for ground release chambers (GRC) for sterile screwworm releases on Big Pine and No Name Keys, the known infested Keys, were provided by P.L.P. on October 6. Ground truthing and selection of nine release chamber sites on Big Pine and No Name Keys was completed on October 7 (seven on Big Pine Key; two on No Name Key); GPS coordinates were recorded.
From October 4 to 6, an additional 21 Key deer were euthanized and the carcasses frozen in the mobile freezing units. In effect this began the eradication effort because about 16,800 screwworms were not liberated into the area. Also, the first shipment of sterile screwworms was scheduled to arrive from the Production Facility in Panama on October 10.
Plans were developed to collect samples of screwworm larvae from the tissue they infested. As most myiasis cases were in animal heads, heads of euthanized animals were collected on October 7-8 and placed within secure plastic containers (Fig. 4) . These five boxes were kept within a sheltered area on the FSW National Key Deer Refuge property, without environmental controls, and were expected to produce enough pupae to establish a colony. When the larvae crawled from the wound they pupariated in the granulated material provided within the container (four each contained one Key deer head and one contained a pig head; Fig. 4 ). Pupae would be recovered on October 9 and prepared to be sent to the ARS Laboratory in Panama to establish a colony (named Big Pine) to test for mating compatibility with the current mass reared strain (Jamaica-06). Additional larval samples were collected and preserved in 95% ethanol for future genetic analyses.
On October 8, J.B.W. and S.R.S. concentrated on collecting fertile female screwworms using sweep nets at rotting deer liver stations from one site on Big Pine Key. In about 4 h they collected 15 female screwworms.
On October 9, P.L.P. arrived on site and we initiated setup of sterile fly GRC (Fig. 5) . Each of the seven sites on Big Pine Key and two sites on No Name Key were to have two release chambers (Fig. 6) .
The authors participated in an information meeting for the public, led by the Commissioner of the Florida Department of Agriculture and Consumer Services along with other Federal, State and County representatives, early in the day on October 10. Then, with the help of three APHIS-VS technicians, we completed setup of the nine release chambers. Three technicians from COPEG arrived, their main duties being to assist with distribution of sterile pupae to the GRCs, to assist in collecting adult screwworms at liver bait stations and to provide other necessary support. Later that day, on information from the FWS veterinarian, we returned to the FSW National Key Deer Refuge property and collected ≥10 larvae for genetic analyses from each of five infested Key deer that were euthanized. Also, the pupae from the five rearing boxes established on October 7-8 were collected, placed in individual, sealed, labeled, plastic containers and these containers were placed into a metal lock-box for transport to Panama on the return flight of the airplane that would deliver the sterile pupae. The Incident Commander requested that S.R.S. consider returning to Kerrville, Texas to begin genetic analysis of the screwworm samples.
The first shipment of sterile flies arrived at the airport on Marathon Key on October 10. This first shipment consisted of 9, Fig. 6 . Locations of ground release chambers on Big Pine (seven sites) and No Name Keys (two sites). Each location had two release chambers.
48-liter ice chests each containing ice packs to keep the 38 liters of flies/ice chest at ~10°C (temperature recorders were in each ice chest); this temperature reduced physiological function of the pupae, so that adults did not emerge during the 5-h flight from Panama. On arrival at the airport, the ice chests containing pupae were stored in a refrigerated trailer at 10°C until distribution to the GRCs the next morning. All 18 chambers, 2 at each of the 9 sites, were successfully filled with sterile pupae (Fig. 7) . Each release chamber received about 9.5 liters of pupae; based on the average of 8,000 pupae per liter, there were ~76,000 pupae per chamber. Then, on receiving a report of an infested deer on Big Torch Key, J.B.W. went to collect adults coming to rotted deer liver; within 1.5 h four fertile females were collected. Based on this information, P.L.P. began to analyze where to establish GRCs on this island complex that was directly west of Big Pine Key. Successful emergence of adults from the sterile pupae was determined for each GRC on October 12-13. On average, there was ≥90% emergence of flies on this first effort. The release chambers were refilled twice weekly; thus, ~ 2,653,920 sterile flies were released weekly at the epicenter of the outbreak. Refilling twice weekly effectively mimics the current aerial releases of sterile flies by COPEG in the buffer zone at the Panama-Colombia border (Smith 2009) as supported by recent research ). The COPEG technicians and the authors also worked to establish a temporary laboratory space in the Big Pine Key Park Community Center. The temporary laboratory space was used to evaluate adult emergence from puparia, effect repairs to GRCs and other tasks as required.
We also reevaluated the one aspect of the outbreak that was in our favor; the focus was separated from the other Keys leading to the mainland by the Seven Mile Bridge. Yet we decided that there should be GRCs located on Marathon Key, the first Key east of the Seven Mile Bridge and toward the mainland, to better establish and reinforce this barrier. P.L.P. identified four sites where GRCs were subsequently located, one chamber at each site. P.L.P. and S.R.S. departed the Keys on October 14. J.B.W. remained to direct overall field activities including continuation of sampling for fertile adults on other Keys frequented by Key deer as well as assessing the distribution of sterile screwworms by collecting screwworms attracted to putrid liver; he was assisted in these assessments by the COPEG Technicians. By October 28, they had determined that 11 additional Keys (now 13 total; 43 Keys were sampled) had fertile screwworms; all Keys positive for fertile screwworms were west of the Seven Mile Bridge (west of the barrier). P.L.P. continued analyses of the habitat of these Keys and GRCs were placed on each Key with positive infestations or fertile fly capture (Fig. 8) . In all there were 30 sterile fly ground release sites, 26 on the 13 infested Keys and 4 in the barrier zone on Marathon Key. Also, by the end of October, the USDA-APHIS and USFWS had established doramectin treatment stations for ad libitum Key deer treatment; this was, in part, in response to public concern that Key deer mortality was very high (~100 by October 30) and several pets had been infested (five dogs, two cats, and two pet pigs). Residents also contributed to the doramectin treatments when feeding Key deer; in general, the residents were not only supportive but helpful.
A Big Pine screwworm colony was successfully established from the pupae that were sent to Panama. Following in-house ARS protocols , Supplemental file 1, USDA-ARS Protocol for Responding to a Screwworm Outbreak), three replicates of reciprocal crosses were done to determine mating compatibility of the Big Pine (BP) colony with the mass-produced strain Jamaica-06 (J-06). A multivariate analysis of variance (MANOVA; SAS 2015) was used to evaluate the responses of total egg weight and egg hatch for the treatment variables of mating of 5 J-06 males and 15 females (control 1), 5 BP males and 15 females (control 2), 5 J-06 males with 15 BP females, and 5 BP males with 15 J-06 females. Overall there were no significant differences in egg weight (F = 3.4, P = 0.07) or egg hatch (F = 0.45, P = 0.7) from any of the crosses although, as expected, the matings of J-06 males and females did tend to deliver higher egg weights compared with all other mating combinations ( Table 1 ). The specific test (multivariate contrast) comparing matings of J-06 males and females with J-06 males and BP females produced a consistent, borderline, nonsignificant difference in egg weights (F = 4.54, P = 0.05) but no difference in egg hatch (F = 1.57, P = 0.25) although test values varied (Table 1) . This specific test confirmed that the J-06 strain was compatible with the BP flies and sterile releases would successfully eradicate the outbreak. These results are similar to previous reports including results for the screwworm outbreak in Libya where the source was unknown Fig. 7 . Charging a sterile fly release chamber. Each chamber held about 76,000 sterile screwworm pupae. (Taylor et al. 1991 ). This result is also supported by the field observation of a rapid reduction of myiasis cases in the infested area of the Keys soon after sterile fly releases commenced (Fig. 9) .
On return to Kerrville, TX, S.R.S. began genetic analysis of the samples collected on October 10. The approach used, polymerase chain reaction restriction fragment length polymorphism of two amplicons of the mtDNA (~2,360 bp region that included the complete sequence of the cytochrome oxidase c subunits 1 and 2 and ~2,100 bp of the complete control region and partial rRNA 12S sequence), was duplicated as reported by Lyra et al. (2009) . In their work, Lyra et al. (2009) reported high frequencies of two haplotypes from Caribbean islands that, if they occurred in the Florida Keys outbreak samples, would have been supportive of the hypothesis of the outbreak's origin was from a Caribbean nation. The two haplotypes were not in high frequency in the Florida outbreak samples, so this hypothesis was not supported. Collaborators, using these same and additional samples from the outbreak, sequenced the mitochondrial genes COI and COII plus the nuclear gene EF1α, but were also unsuccessful in determining the outbreak's origin (unpublished report). Future work is planned with these samples. A larger library of genetic "fingerprints" should be developed, so that, if needed, there is a higher probability of determining a region from which and outbreak originated.
Although an epidemiological investigation was undertaken (Delgado et al. 2016) , no conclusive point of entry to the Keys could be confirmed. Sterile fly releases continued, twice weekly, with an excellent response (Fig. 9A ). By late November, it appeared that the fertile screwworm population was responding similarly to previous outbreaks on Aruba where GRCs were used (Fig. 9B ). Sampling for adult screwworms using putrid liver was continued daily both to detect the distribution of sterile flies and to monitor for fertile flies in different Keys in the infested zone, in the barrier zone, and in the Northern and Southern surveillance zones. A total of 457 fly assessments were performed, on 43 different islands of the Keys, representing over 1,000 work hours. The last fertile fly was collected on November 7, but sterile screwworms were collected until the final assessment in March. The IMT interdiction station inspected more than 6,200 animals and found no cases of myiasis. Sterile fly releases in the barrier zone, Marathon Key, ended on December 26, 2016. However, on January 6, 2017 a dog with screwworm myiasis was found near Homestead, FL (just south of Miami and on the mainland).
On January 7, J.B.W. and the COPEG technicians arrived at the Homestead location (Fig. 10) . Investigation showed that the infested dog was a stray, recovered by a local resident, which was taken to a veterinarian on December 19. The veterinarian extracted nine larvae, and treated the wound, but the larvae were not submitted to NVSL until January 5, when the larvae confirmed to be screwworm. This, again, was a breakdown in veterinary reporting requirements (USDA (USDA 2017) . In part because of the special situation with Key deer and the "fawning" season, sterile fly releases continued in the infested zone of the Florida Keys until April 25, 2017. In all, about 194.2 million pupae were delivered to GRCs, from which roughly 188.4 million sterile flies emerged and were released (176.5 million in the infested zone, 5.5 million in the barrier zone and 6.1 million around Homestead). This was the first screwworm outbreak in the United States to be eradicated using GRCs to distribute sterile screwworms. Although pupae shipped from Panama to Florida were chilled for 34-66 h before placement in the field, overall emergence of adults from puparia was 97%. In the Keys sterile flies maximally dispersed ~32 km, while on the mainland maximum dispersal was ~15 km; more sterile flies were collected downwind from release sites than upwind. In the Keys there were 457 fly assessments by collecting flies attracted to putrid liver, while around the Homestead area there were 279 fly assessments. More than 17,000 animals were inspected at the interdiction station. USDA-APHIS invested ~$3.15 million over the duration of the outbreak (USDA 2017), but the cost to the U.S. economy was inestimable had this response not been successful.
The breakdown in reporting requirements by local veterinarians is being addressed at various levels, State and Federal, but the authors are not directly involved in this process. Lessons learned during this outbreak response will be incorporated into revisions of the APHIS and ARS outbreak response protocols. Finally, intensive sampling, particularly from Caribbean Islands where screwworm is endemic, is planned with the intent of developing a more informative genetic library. 
